Further evidence is provided that the Calvin cycle enzymes ribose-5-phosphate isomerase (EC 5.3
Microcompartmentalization, packing, and interactions of the enzymes catalyzing CO2 assimilation in the chloroplast matrix are intriguing problems awaiting solution to understand satisfactorily metabolic coupling and regulation of photosynthetic processes. The ease of extractability of stromal proteins by rupture of intact chloroplasts in hypotonic medium has led to the widely accepted assumption of either no or only weak interactions among the components, thus causing their random distribution throughout the higher plant organelle. More recent observations, however, indicate the existence of Calvin cycle enzyme complexes that contain at most five different catalysts, including ribulose-1,5-bisphosphate carboxylase (RuP2Case, EC 4.1.1.39); metabolite channeling has been claimed to occur within these complexes (1) . Furthermore, enzyme pairs of the Calvin cycle have been observed consisting of RuP2Case and ribulose-5-phosphate kinase (Ru-5-P-K, EC 2.7.1.19) (2, 3), Ru-5-P-K and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12) (4), and ribose-5-phosphate isomerase (Rib-5-P-I, EC 5.3.1.6) and Ru-5-P-K (5). Phosphoglycerate kinase and fructose bisphosphate aldolase were also found to be complexed proteins in chloroplast stromal extracts (6). Moreover, extraction studies have indicated that several Calvin cycle enzymes may be partially bound to thylakoid membranes (7). However, no convincing evidence was provided that the putative Calvin cycle multienzyme complexes do not represent isolation artifacts and nothing is known about the membrane interactions of Calvin cycle enzymes. Similar problems hold true for other metabolic pathways probably comprising sequentially assembled enzymes (for review, see refs. 8 and 9).
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In this study we provide further evidence for the existence of multienzyme complexes containing Calvin cycle components and ferredoxin-NADP+ (FNR, EC 1.18.1.1) reductase that reside on chloroplast thylakoid membranes in situ.
MATERIALS AND METHODS
Material. Spinach (Spinacea oleracea var. Matador) was grown in soil culture in a greenhouse.
Immunoelectron Microscopy. Small sections of illuminated spinach leaves were prefixed for 1 hr in 2% (vol/vol) glutaraldehyde/50 mM sodium cacodylate buffer, pH 7.2/1 M sorbitol prior to freezing in liquid propane (-185°C). Cryosubstitution with dry acetone/3% glutaraldehyde was performed overnight at -90°C. The solvent was exchanged against pure acetone at -65°C for 2 hr and then at -35°C for 2 hr. The samples were embedded in LR-White resin (Plannet GmbH, Marburg, F.R.G.) and polymerized chemically at 4°C. Immunogold labeling with 10-nm gold particles-protein A was performed as described (10) and the dried specimens were examined in a TESLA BS 500 transmission electron microscope at 60 kV.
Chloroplast Isolation and Extraction. Intact spinach chloroplasts were isolated according to Jensen and Bassham (11) and suspended to a fmal concentration of 2 mg of chlorophyll per ml in 25 mM Tris HCl, pH 8.0/1 mM EDTA, which brings about lysis of the organelles. The suspensions (-30 mg of protein per ml) were centrifuged for 20 min at 20,000 x g prior to the addition of 20% (vol/vol) glycerol to the supernatant.
FPLC of Stromal Protein. Chromatography of stromal extracts (1 ml) was performed on a Pharmacia model FPLC system using a calibrated Sephacryl S-400 column (2.6 x 93 cm) preequilibrated with 25 mM Tris-HCl, pH 8.0/1 mM EDTA/20% (vol/vol) glycerol. Fractions (3 ml) were analyzed for enzyme activities and protein components by NaDodSO4/urea PAGE following C13CCOOH precipitation.
To purify Calvin cycle complexes further, pooled protein fractions were subjected to anion-exchange chromatography on a HiLoad 16/10 Q-Sepharose column preequilibrated with 25 mM Tris HCl/1 mM EDTA/20%o (vol/vol) glycerol. Protein was eluted with a linear 0-1 M KCI gradient (100 ml) at a flow rate of 1 ml/min.
Preparation of Enzymes. RuP2Case (12) and Ru-5-P-K (13) were isolated according to published methods.
Enzyme Assays. Ru-5-P-K was assayed' spectrophotometrically as described by Kagawa (13) . One unit of Ru-5-P-K converts 1 ,umol of Ru-5-P into RuP2 at 25°C. Rib-5-P-I activity was measured in a colorimetric assay according to Rutner (14) . The Rib-5-P-dependent [14C]CO2 fixation by isolated Calvin cycle complexes was determined at pH 8.0
Abbreviations: Rib-5-P-I, ribose-5-phosphate isomerase; Ru-5-P-K, ribulose-5-phosphate kinase; RuP2Case, ribulose-1,5-bisphosphate carboxylase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Sed-1,7-bPase, sedoheptulose-1,7-bisphosphatase; FNR, ferredoxin-NADP+ reductase; Chap 60, chaperonin 60. *To whom reprint requests should be addressed. (Fig. 1C) . The Calvin cycle enzymes were detected in the broad main peak (=1000 kDa to 200 kDa), which also contains the RuP2Case, and in its subsequent shoulder (<200 kDa). A biphasic distribution of Ru-5-P-K was observed with >80% of the total enzyme activity migrating in a sharp peak on the high molecular mass side of the main protein peak (complexed enzyme forms of 900 ± 50 kDa) and the rest being present in the shoulder (free forms of <200 kDa). The activity profile of Rib-5-Pdependent CO2 fixation coincided with the distribution of the high molecular mass form of Ru-5-P-K and required endogeneous Rib-5-P-I activity. Moreover, immunoblotting revealed that GAPDH (42 and 43 kDa), Sed-1,7-bPase (38 kDa), and significant quantities of FNR (37 kDa) cochromatographed with the CO2-fixing activity (Fig. 1C) . It should be stressed that the low molecular mass form of Sed-1,7-bPase, probably representing a homodimer of 70 kDa (22), is frequently cleaved into 33-kDa and 18-kDa peptides by an (A) Gel filtration on a Sephacryl S-400 column of stromal protein (30 mg) and detection of Ru-5-P-K activity and Rib-5-P-dependent CO2 fixation were performed as described in the text. The letters a-f indicate the peak positions of human IgM (970 kDa), RuP2Case (550 kDa), ferritin (450 kDa), rabbit muscle aldolase (158 kDa), Ru-5-P-K (90 kDa), and bovine serum albumin (67 kDa endogeneous protease under these conditions. Chap 60 of =800 kDa (23) also coeluted with the complexed Calvin cycle enzymes (Fig. 1C) (1993) resent homoaggregates of several enzymes having a similar molecular mass or true heteromeric multienzyme complexes, a subsequent anion-exchange FPLC on Q-Sepharose columns was performed ( Fig. 2A) . NaDodSO4/urea PAGE (Fig.  2B ) and immunoblot analysis (Fig. 2C ) of eluting fractions revealed RuP2Case (52 and 13.5 kDa), Ru-5-P-K (43 kDa), GAPDH, and polypeptides of 47 kDa and 27 kDa (the latter may be Rib-5-P-I) in the major column peak, which eluted at 0.48 M KCI. The same peak fractions contained Sed-1,7-bPase and FNR (Fig. 2C ) and were capable of catalyzing Rib-5-P-dependent CO2 fixation at rates of about 1 ,umol/mg of protein per min. In contrast to isolated RuP2Case, which coeluted with the putative enzyme complexes at 0.48 M KCI, purified Ru-5-P-K, Rib-5-P-I, and FNR came off of the same column as single components at <0.40 M KCI, and the GAPDH eluted at 0.60 M KCI. This further indicates that the major FPLC peak contains heteromeric enzyme complexes and free RuP2Case rather than homoaggregated enzymes. However, the distribution of Sed-1,7-bPase and FNR (Fig.  2C) throughout the peak fractions 28-32 suggests that the enzyme complexes may be heterogeneous with respect to the presence of these components. Activity assays and immu- noblotting also revealed that -40% of the Ru-5-P-K and GAPDH applied to the column coeluted at 0.40 and 0.43 M KCI (Fig. 2 A and B Trypsin Cleavage of Free Versus Complexed Enzymes. The organization of Calvin cycle enzymes in solution was further investigated by comparing the tryptic peptide patterns of a purified enzyme with the ones obtained from the same component in the isolated C02-fixing enzyme complexes and filtered stromal extracts. The method is based on the observation that Lys and Arg residues frequently take part in the formation of protein interfaces on oligomeric proteins (24) and on the assumption that peptide bonds containing these amino acids should become cleavable upon dissociation of protein components. Accordingly, since proteolysis of all samples is performed in the same medium, which in turn should bring about the same conformation of a particular enzyme, any difference in the peptide patterns compared to the purified enzyme should be caused by protein-protein interactions. Fig. 3 shows that within seconds enzymatically active and inactive (not shown) Ru-5-P-K is cleaved into identical peptides by trypsin (Fig. 3, e) , whereas at the same protease/substrate ratio the enzyme present in multienzyme complexes (Fig. 3, c) and chloroplast stromal extracts (Fig.  3, a) remained unchanged. As a control, an excess ofpurified Ru-5-P-K was added to the stromal extract prior to trypsin cleavage (Fig. 3, b) . The added enzyme, but not the endogeneous one, was rapidly cleaved into peptides like the control enzyme, indicating that only complexed Ru-5-P-K is protease resistant. It should be noted that none of the active Ru-5-P-K preparations was free of degraded enzyme, even when protease inhibitors were used for enzyme purification. More- Immunoblotting of Ru-S-P-K. Samples: a, stromal extract containing 8.0 mg of protein per ml; b, same stromal extract as in a, but containing additionally 0.4 mg of purified Ru-5-P-K per ml; c, isolated Calvin cycle enzyme complex from a Sephacryl S-400 column, 0.9 mg of protein per ml; d, purified RuP2Case, 4.5 mg/ml, mixed with Ru-5-P-K, 0.4 mg/ml; e, purified Ru-5-P-K, 0.9 mg/ml. over, addition of active Ru-5-P-K to stoichiometric amounts ofRuP2Case, which is not susceptible to trypsin cleavage, did not protect the kinase from cleavage (Fig. 3, d ). GAPDH appears to represent another complexed protein. This is indicated by the finding that GAPDH bound to isolated Calvin cycle complexes is less susceptible to trypsinolysis but becomes rapidly degraded after saltinduced dissociation of protein complexes (see Fig. 4C ).
Calvin Fig. 4 shows that enzyme complexes appear to dissociate into components at KCl concentrations >250 mM, since fractions of Ru-5-P-K and GAPDH molecules can be degraded proteolytically. However, as compared to the free enzyme (Fig. 3, e) , trypsinolysis of the kinase under these conditions generated only a negligible amount of small peptides (<13 kDa), thus indicating that protease cleavage of the Ru-5-P-K fragments cannot further proceed, presumably due to binding to other components.
Tryptic digestion also revealed that the enzyme organization of Calvin cycle complexes is changed at alkaline pH (>9.0), whereas no enzyme dissociation was observed when the pH of protein solutions was reduced to as low as 6.5. A complete dissociation of the Calvin cycle complexes into individual enzymes is achieved by addition of ammonium sulfate (>1 M) to chloroplast stroma or crude leaf extracts or by adjusting the pH of protein solutions near to the average pI (4.5) of Calvin cycle enzymes.
Immunocytochemical Localization of Chloroplast Proteins. To prevent extraction of soluble proteins and ultrastructural alterations of samples, cryoprepared leaf sections were used for immunoelectron microscopy to investigate the spatial localization of several chloroplast proteins, including RuP2Case, RuP2Case activase, Ru-5-P-K, GAPDH, Sed-1,7-bPase, FNR, and CF1a of ATP synthase (Fig. 5) . In agreement with other reports (25, 26), it was found that abundant RuP2Case (Fig. 5a ) and the nonabundant RuP2Case activase (Fig. Sb) are evenly distributed throughout chloroplasts and that a fraction of gold particles resides in the vicinity of chloroplast membranes. CFla is clearly bound to stromafacing thylakoid membranes (Fig. Sf) . Unexpectedly, immunoelectron microscopy of the same leaf sections revealed a predominant association of the nonabundant Calvin cycle enzymes GAPDH, Sed-1,7-bPase, and Ru-5-P-K (Fig. 5 c-e) as well as FNR (Fig. 5g ) with stroma-faced thylakoid membranes. Only a few, if any, of the 200 gold particles that have been evaluated to spatially localize the enzymes resided on sack-like stroma areas of chloroplasts probably free of thylakoid membranes. Although the density ofgold particles was found to be relatively low, immunogold labeling of the minor Calvin cycle enzymes and FNR compared to RuP2Case is assumed to reflect roughly the stoichiometric ratios (about 1:25 to 1:50) of these proteins in chloroplasts.
DISCUSSION
Further evidence is provided that in chloroplast stromal extracts the Calvin cycle enzymes Rib-5-P-I, Ru-5-P-K, RuP2Case, GAPDH, and Sed-1,7-bPase are organized into heteromeric C02-fxing multienzyme complexes of =900 kDa. Almost all of these enzyme complexes appear to sustain molecular-sieving FPLC at low ionic strength. The terminal electron transport enzyme FNR is an intrinsic component of the complexes and its function is thought to provide NADPH for CO2 reduction. Phosphoglycerate kinase and a 65-kDa polypeptide, the latter component previously thought to be a manganese-binding thylakoid protein associated with five Calvin cycle enzyme complexes (1), are absent from the enzyme aggregates described in this paper.
Although evidence has been presented elsewhere for the existence of Calvin cycle enzyme complexes (1-3), it has 
